Introduction {#s1}
============

Diabetes mellitus continues to be a leading cause of hypertension and cardiovascular diseases in which vasodilation is impaired, as found in both diabetic humans and in animal models ([@r1],[@r2],[@r3],[@r4],[@r5]). The prevalence of hypertension is increased in type 2 diabetes, with diabetic hypertensive patients being markedly sensitive to blood pressure lowering as far as cardiac events are concerned ([@r6],[@r7],[@r8]). In fact, the main purpose of blood pressure-lowering therapy in diabetic patients is to protect against the progression of cardiovascular complications. The endothelium performs a crucial role in maintaining vascular integrity to facilitate whole-organ metabolic homeostasis by producing factors associated with vasoconstriction or vasorelaxation. In this review, we have focused on the production of nitric oxide (NO; a vasorelaxation factor). NO is a vital component in maintaining vascular health. A decrease in NO induces pathological conditions associated with endothelial dysfunction, such as obesity, diabetes, cardiovascular disease, and atherosclerosis. Presently, we think that revolutionary treatment facilitating not only tight glycemic control but also exhibiting a cardiovascular protective action can be achieved by reversing endothelial dysfunction.

We have focused on recent findings regarding the role of G-protein-coupled receptor kinase 2 (GRK2) in the regulation of the vascular condition found in diabetes. Over the last decade, GRK2 has been reported to be involved in GPCR-desensitization, -internalization, and -signalization through protein-protein interactions ([@r9],[@r10],[@r11]). Regarding the present issue of diabetic complications, we report the novel findings that GRK2 levels and activities correlate with endothelial dysfunction ([@r12],[@r13],[@r14],[@r15],[@r16]).

Here we review the current literature regarding the role of GRK2, with a focus on the more established therapeutic value of GRK2 targeting, and the emerging roles of GRK2 and β-arrestin 2 signaling in diabetic pathophysiology.

G-protein-coupled receptor kinase 2 {#s2}
===================================

GRKs possess a central catalytic region that is a serine/threonine kinase which facilitates specificity toward GPCRs ([@r17], [@r18]). This family of kinases is composed of seven members (GRK1 to GRK7) and is widely expressed, which is suggestive of their important role in the regulation of GPCR responsiveness ([@r19], [@r20]). GRKs are divided into three subfamilies based on differences in structure and regulation ([@r21]). GRK2 and GRK3, the most unique members among the GRK family, have an amino-terminal α-helix that stabilizes interaction with ligand-bound GPCRs, a regulator of the G protein signaling homology domain that binds to activated Gα, and a pleckstrin homology (PH) domain that mediates membrane localization via Gβγ and phospholipid interactions ([@r22]). Especially, GRK2 is a multidomain kinase that regulates GPCR signaling interacting with different proteins of the signaling cascade: although the catalytic domain phosphorylates the receptor (important for homologous desensitization), the PH domain interacts with dissociated Gβγ (important for kinase targeting of the membrane), and the amino-terminal α-helix interacts with activated Gα (important for Gα signaling regulation) ([@r23],[@r24],[@r25],[@r26],[@r27]). When activated, most GPCRs undergo phosphorylation, which is followed by receptor interaction with β-arrestins, and desensitization, and endocytosis ([@r23]). Other GRKs have different domains at their C termini that are similarly involved in membrane targeting ([@r21], [@r28]). Furthermore, they are grouped functionally into 3 classes: GRK1-like (GRK1 and GRK7), GRK2-like (GRK2 and GRK3), and GRK4-like (GRK4, GRK5 and GRK6). The GRK1-like class is found exclusively in the retina and modulates opsins. The GRK2-like form is widely expressed, although GRK2 is typically more abundant. GRK4 is found mostly in the testis and proximal tubules of the kidney. GRK5 and GRK6 are widely distributed among tissues ([@r20]). Therefore, most GPCRs in the body are regulated by 4 GRKs: GRK2, GRK3, GRK5, and GRK6. Traditionally, it has been believed that the function of GRKs is to protect cells against overstimulation. However, in certain situations (cardiovascular and inflammatory diseases), this process is impaired with progression of the disease. For example, as shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Changes observed in GRK2 levels and functions in various diseasesDiseaseChange in GRK2 levelsCondition/experimental modelReferenceCardiac hypertrophyIncrease in cytosolic and membrane GRK activity attributed predominnantly to GRK2 protein upregulationPressure overload cardiac hypertrophy in the mouse was achieved following 7 days of transverse aortic constriction[@r30]Cardiac ischemiaGRK2 mRNA and activity in the particulate fraction significantly increasedAcute cardiac ischemia model based on stop-flow and low flow ischemia in the isolated perfused rat heart[@r31]CardiomyopathyElevated left ventricular GRK2 mRNA and activityHuman patients with the ischemic and idiopathic dilated forms of cardiomyopathy[@r32]CardiomyopathyMyocardial GRK2 mRNA levels were induced in the failing hearts, as well as GRK2 proteinRats subjected to ligation of the left coronary artery or sham-operated[@r33]DiabetesElevated GRK2 protein levels and activity in the aorta in the presence of diabetesSpontaneously and experimental diabetic model mice[@r12], [@r13], [@r14], [@r15], [@r16]Heart failureBiochemical abnormalities of heart failure and cardiac dysfunction were preceded by elevated GRK2 expression and activitySpontaneously hypertensive heart failure (SHHF) rats that develop left ventricular hypertrophy and progress to heart failure[@r34]Heart failureGRK2 activity and protein elevated only in the hypertrophic failing heart and not in hypertrophic but non-failing cardiac tissueRat model of heart infarction based on surgical occlusion of the coronary artery and tissue damage based on the existence of pulmonary edema[@r35]HypertensionGRK2 activity increased in lymphocytes from hypertensive subjects, paralleled by an increase in GRK2 protein expressionLymphocytes from younger hypertensive subjects as compared with older and younger normotensive subjects[@r36]HypertensionGRK2 protein expression and GRK activity were elevated in hypertensive subjectsBlack American participants with hypertension and cardiovascular injury[@r18]Insulin resistance and obesityGRK2 protein levels were increased in muscle and adipose tissue in animal models of insulin resistanceThree different models of insulin resistance: tumor necrosis factor-α infusion, aging, and high-fat diet[@r37], GRK2 levels increase under several conditions ([@r12],[@r13],[@r14],[@r15],[@r16], [@r18], [@r29],[@r30],[@r31],[@r32],[@r33],[@r34],[@r35],[@r36],[@r37],[@r38],[@r39],[@r40]). Such a finding suggests that this kinase could be a potential diagnostic marker and/or therapeutic target for many conditions. In this review, we discuss the role of GRK2 in the presence of diabetes and endothelial dysfunction.

Involvement of GRK2 in G-protein-independent signaling {#s3}
======================================================

GRK2 and β-arrestin 2 are cytosolic proteins in their inactive state. Phosphorylation of the receptor by GRK2 recruits β-arrestin 2, leading to further receptor desensitization ([@r41],[@r42],[@r43]). β-Arrestin 2 binds to various regions of GPCR cytoplasmic tail domains and regulates endocytosis, frequently in response to GRK2-mediated receptor phosphorylation ([@r44],[@r45],[@r46]). Thus, the GRK-catalyzed phosphorylation and binding of β-arrestin 2 to the receptors are believed to be a common mechanism of GPCR desensitization ([@r23], [@r26]). GPCRs are key regulators of cell physiology and control processes ranging from glucose homeostasis to contractility of the heart ([@r47],[@r48],[@r49]). Thus, GRK2 plays an essential role in maintaining the homeostasis of cells and tissues by regulating GPCR signaling in normal states.

This classical understanding has been supported by numerous physiological studies. However, this simple paradigm has been altered by an increasing appreciation of the biochemical importance of both the negative regulation of G protein-dependent signaling, and G protein-independent signal transduction by GPCRs ([@r10], [@r15], [@r50]). We reported that G-protein-independent signaling requires β-arrestin 2, not GRK2, under normal conditions ([@r15]). Our study indicated that β-arrestin 2 may play a vital role in the mouse aorta. Although β-arrestin 2 was mainly localized diffusely in the cytosol in quiescent cells, we observed that its translocation from the cytosol to membrane fraction occurred in normal aorta preparations treated with insulin. Furthermore, we revealed that in diabetic states, GRK2 is activated and translocated to the membrane in spite of non-GPCR stimulation, and cytosolic β-arrestin 2 is not translocated to the membrane under insulin stimulation. This means that GRK2 antagonizes the action of β-arrestin 2. GRK2/β-arrestin 2-dependent signaling induces physiological responses that are different from G-protein-mediated responses ([@r51],[@r52],[@r53]). It is possible that the activation of β-arrestin 2 could be beneficial, whereas the activation of GRK2 could be harmful. So, it is valuable to limit the activation of GRK2 and recruit a specific β-arrestin 2, leading to the research and development of new pharmaceuticals.

GRK2 and insulin resistance {#s4}
===========================

An emerging role of GRK2 involves its ability to modulate the response to insulin. GRK2 has been identified as serine/threonine kinases that participate, together with β-arrestin 2, in the regulation of multiple GPCRs. In contrast, insulin receptors are of the tyrosine kinase-type, not GPCRs, and insulin activates a signaling pathway involving the insulin receptor, insulin receptor substrate-1 (IRS-1), PI3-K, and Akt, and this leads to eNOS activation. The first suggestion that GRK2 is involved was based on the observation that insulin induces GRK2 upregulation ([@r54]), which in turn inhibits insulin signaling and glucose extraction ([@r15], [@r38], [@r54], [@r55]). This puts GRK2 at the center of the stage as a possible mechanism for insulin resistance. Interestingly, the higher protein expression and activity of GRK2, directly related to hypertension, insulin resistance, diabetes, or obesity, confirms previous evidence ([@r20], [@r56]). We and others have reported that treatment with GRK2 inhibitor or siRNA against GRK2 increased insulin signaling, while GRK2 overexpression led to insulin resistance ([@r13], [@r15], [@r55], [@r57]).

Previous reports indicated that GRK2 could act as an inhibitor of insulin action in cellular models. Insulin induces an increase of GRK2 levels and causes a GRK2- IRS1 association ([@r54], [@r57]). Other authors have also reported that IRS1 levels depend on GRK2 expression, and that increased GRK2 inhibit insulin-stimulated signaling in a kinase-activity independent manner, by mechanisms involving the formation of dynamic GRK2-IRS1 complexes ([@r36]). Overall, these data suggest that altered GRK2 levels could lead to the modulation of insulin signals through a GRK2-IRS1 association. Moreover, Luan et al. reported that insulin stimulated the formation of a new β-arrestin 2 signal complex, in which β-arrestin 2 acts as a scaffold to join Akt to the insulin receptor ([@r58]). The precise contribution of such mechanisms under different physiological conditions remains to be investigated. If the observed upregulation of GRK2 triggers insulin resistance, it is tempting to speculate that its inhibition would have positive effects. Confirmation of such evidence is based on our diabetic models ([@r14]). We have experimented with the use of a selective GRK2 inhibitor that prevents its activity. The GRK2 inhibitor corrected glucose and insulin levels in a glucose tolerance test when administered to diabetic models (*ob/ob* mice, a useful animal model of human type 2 diabetes, and also nicotinamide + streptozotocin-induced diabetic mice, a relatively new animal model of type 2 diabetes). A similar mechanism has been confirmed in mouse cardiomyocytes whereby Ser307 of IRS1 is a target for GRK2 phosphorylation, significantly increasing overall knowledge about the regulation of insulin signaling in terms of both physiology and pathology ([@r59]). In animal models of type 2 diabetes, insulin induces the translocation of GRK2 from the cytosol to plasma membrane, and the depletion of cellular GRK2 reduces IRS1 serine phosphorylation and increases IRS1 tyrosine phosphorylation, although the authors did not identify the kinase responsible for IRS1 phosphorylation ([@r60]). Interestingly, in spontaneously hypertensive rats, chronic treatment with a similar inhibitor of GRK2 kinase activity not only leads to an amelioration of the glucose homeostasis and IRS1 tyrosine phosphorylation, but also to reduction of the blood pressure levels ([@r54]). These findings are in agreement with other literature showing that GRK2 inhibition clearly delays the reduction in glucose uptake and protects insulin signaling in the heart, preserving the cardiac dimensions and function ([@r59]). These data support the novel hypothesis that part of the therapeutic effect of GRK2 inhibition under pathophysiological conditions such as insulin resistance, hypertension, or heart failure includes the correction of abnormal cardiac metabolism.

GRK2 and endothelial dysfunction {#s5}
================================

Individuals with type 2 diabetes mellitus are particularly prone to the detrimental effects of endothelial dysfunction, a key mechanism in the pathogenesis of atherosclerosis, and this explains the increased risk of cardiovascular events in type 2 diabetes ([@r1], [@r2], [@r4], [@r5], [@r16], [@r61], [@r62]). One of the most important functions of the endothelium is the production of nitric oxide (NO) in response to a variety of hormonal, mechanical, and chemical stimuli. A previous investigation ([@r63]) suggested that impaired NO production can result from endothelial dysfunction.

The mechanisms underlying endothelial dysfunction may be multifactorial. Previous evidence indicated a crucial for endothelial nitric oxide synthase (eNOS) in diabetes ([@r63]), whereas recent reports suggested that Akt signaling stimulates NO production via the Akt-dependent phosphorylation of eNOS at Ser1177 ([@r64], [@r65], [@r66]). We and others found that activation of the Akt/eNOS pathway by clonidine or insulin is impaired in the aorta in the presence of diabetes ([@r15], [@r67],[@r68],[@r69],[@r70]), associated with endothelial dysfunction. Furthermore, GRK2 has been reported to be involved in impaired clonidine- or insulin-induced relaxation via Akt/eNOS signaling in the diabetic aorta ([@r12],[@r13],[@r14],[@r15],[@r16]). It has been clearly shown that the α~2~ adrenergic receptor is an excellent substrate for GRK2 ([@r71], [@r72]). Clonidine is classified as a selectively acting α~2~ adrenergic agonist. We revealed a link between α~2~ adrenergic receptor-stimulated GPCR signaling (specifically the βγ subunit) and Akt /eNOS activity/NO production, and that a defect in the upstream kinase, GRK2, is associated with impaired eNOS activity in diabetes ([@r12]). The insulin receptor is not a GPCR, and so it may not be linked to the βγ subunit. However, the insulin-stimulated relaxation is increased in the diabetic aorta treated with GRK2 inhibitor or GRK2 siRNA ([@r15]). Recently, Luan et al. reported that insulin stimulates the formation of a new β-arrestin 2 signal complex in which β-arrestin 2 acts as a scaffold for the translocation of Akt to the insulin receptor ([@r58]). Furthermore, we reported that the upregulation of GRK2 and a decrease in β-arrestin 2 inhibit the insulin-induced stimulation of Akt/eNOS signaling, and that GRK2 overactivation may result from an increase in PKC activity in preparations of aortas from diabetic mice with hyperinsulinemia ([@r13], [@r15]). Along with, the above reciprocal role of GRK2/β-arrestin 2, accumulating evidence indicates that GRK2 and β-arrestin 2 are both able to interact with Akt, as described below in detail.

GRK2 and β-arrestin 2 in diabetic vascular dysfunction {#s6}
======================================================

β-arrestin comprises two ubiquitously expressed isoforms, β-arrestin 1 and β-arrestin 2, both of which are abundantly expressed in the vasculature. Their binding to receptors sterically inhibits the receptor coupling to G-protein, leading to the inactivation of effectors such as second messenger-generating enzymes ([@r73], [@r74]). Besides this classical function, recently accumulating evidences have revealed novel functions of β-arrestins as signal transducers in various signaling pathways ([@r51]). For example, β-arrestins operate as adaptor proteins to recruit and activate Src under agonist-stimulated receptors ([@r76]). In addition, GPCR-mediated MAP kinase (MAPK) ERK1/2 phosphorylation results from a combination of G protein and β-arrestin signaling ([@r76], [@r77]), and β-arrestins were also shown to contribute to the activation of several Ras-family GTPases ([@r78], [@r79]). Regarding, the molecular function of β-arrestin 2, several laboratories ([@r19], [@r26]) have shown that this protein can act as a scaffold molecule that brings different signaling molecules such as Akt, Src, JNK, and ERK1/2 into the receptor complex. Recently, it was reported that insulin stimulates the formation of a new β-arrestin 2 signal complex in which β-arrestin 2 acts as a scaffold for the translocation of Akt and Src to the insulin receptor ([@r58]). Therefore, we addressed the associations among GRK2, β-arrestin 2, and insulin signaling ([@r15]). β-arrestin 2 siRNA significantly reduced insulin-induced vascular relaxation and NO production, suggesting that insulin signaling is mediated through β-arrestin 2 and that GRK2 may stimulate formational changes in β-arrestin 2, Akt, and the insulin receptor. This means that in the healthy vasculature, β-arrestin 2 binds to Akt under insulin stimulation, whereas, in the case of diabetes, insulin causes the translocation of GRK2 to the membrane, where it binds to Akt, preventing β-arrestin 2 binding to Akt because GRK2 remains bound. In other words, GRK2 and β-arrestin 2 compete for the insulin receptor upon insulin stimulation n ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Subcellular localization and function of GRK2 and β-arrestin 2 in relation to NO production with insulin stimulation under normal and diabetic conditions. β-arrestin 2 may be beneficial by preventing the membrane translocation of GRK2 in the endothelium of the aorta under the normal condition, while GRK2 may be unfavorable by suppressing the positive effect of β-arrestin 2 in the aorta under the diabetic condition. See text for details. β-arr2: β-arrestin 2; eNOS: endothelial nitric oxide synthase; GRK2: G-protein-coupled receptor kinase-2; NO: nitric oxide.). Thus, β-arrestin 2-mediated insulin signaling may be of therapeutic benefit for patients with diabetic vascular dysfunction.

GRK2 and sex differences in diabetes {#s7}
====================================

Pre-menopausal women have lower rates of cardiovascular disease and cardiovascular morbidity and mortality than men of the same age. Diabetes is one of the major cardiovascular risk factors in both men and women, and there have been many studies focusing on women with both diabetes mellitus and cardiovascular disease ([@r80],[@r81],[@r82]). However, there have been fewer studies focusing on the detailed mechanisms. We previously showed that female diabetic mice have more favorably preserved vascular functions via the Akt pathway, as well as show greater NO production via augmented eNOS activity and expression ([@r61], [@r83]), suggesting that females have an inherent cardioprotective advantage. Additionally, we clarified the involvement of GRK2 ([@r16]). GRK2 localization in the diabetic aorta may differ between the sexes. Although GRK2 expression in the membrane and GRK2 activity were both increased in male diabetic aortas, GRK2 expression in the cytosol was increased and GRK2 activity was decreased in preparations of female diabetic aortas; that is, GRK2 was not abundantly translocated to the membrane. Based on the above, we speculate that in the female diabetic aorta, a mechanism exists that prevents the upregulation of GRK2 activity and translocation of GRK2 protein to the membrane. Although we remain unable to identify it, we expect to detect some endogenous substrate. We believe that we are one step closer to a full explanation of the pathogenesis of endothelial dysfunction in diabetes.

Concluding remarks and future directions {#s8}
========================================

Presently, a large and ever-expanding body of pre-clinical evidence exists that strongly supports cardiac GRK2 inhibition as a therapeutic modality for heart failure. However, recent studies by us and others have begun to establish GRK2 targeting in extracardiac tissues, and more specifically in the vasculature, as another novel therapeutic possibility for diabetes and insulin resistance. Since inhibition of the activated GRK2 is able to normalize vascular insulin signaling and lower blood glucose, GRK2 inhibition is a novel strategy against the development of diabetes and diabetes-associated vascular complications. Adversely, it has been shown that the removal of GRK2 from specific tissues, such as the endothelium ([@r84]), increases the production of reactive oxygen species. Moreover, it was recently demonstrated that the endothelium-specific knockout of GRK2 is associated with impaired angiogenesis ([@r85]). Accordingly, GRK2 deficiency in endothelial cells in vitro increases inflammatory signaling and enhances leukocyte recruitment to activated endothelial cells ([@r86]), suggesting that GRK2 is a negative regulator of the vascular endothelial cell function. Either overexpression or deletion of GRK2 induces malfunctions, indicating that the proper level of GRK2 maintains the normal cell function. We have demonstrated that single-injection treatment of diabetic mice with a highly selective GRK2 inhibitor reduced the blood pressure, endothelial dysfunction, and glucose intolerance ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.GRK2 inhibitor improves hypertension (A), endothelial dysfunction (B), and glucose tolerance (C). (A) Measurement of the systolic blood pressure (SBP). SBP was measured 30 min after the injection of either the GRK2 inhibitor (200 µg/kg) or vehicle. (B) Clonidine-induced relaxation in the aortic rings from mice with diabetes (DM) and controls. At 60 min before the isolation of aortas, mice were treated with either the GRK2 inhibitor (200 µg/kg) or vehicle. (C) Plasma glucose immediately before and 15, 30, 60, 90, and 120 min after the ip. injection of glucose (2 g/kg) in mice that had received a single iv. injection of the GRK2 inhibitor or vehicle at 30-min. Values are means ± SE; *n* = 8. \*\**P*\< 0.01, or \*\*\**P*\< 0.001 vs. controls or DM; ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 or ^\#\#\#^*P*\< 0.001 vs. DM or DM+GRK2 inhibitor \[modified from ref.[@r16]\].) ([@r14]). This suggests that GRK2 has a potential to become a therapeutic target, and so in vivo studies are now required involving chronic administration.

In addition, the recently emerging and constantly expanding field of GPCR/ β-arrestin-dependent signaling also offers several exciting new opportunities regarding therapeutic intervention for diabetes and insulin resistance. Despite still being in its infancy, as far as the identification of specific physiological and pathophysiological effects is concerned, there is a potential in exploiting this area for therapeutic advancement. Admittedly, the picture is still unclear regarding the physiological actions of β-arrestin 2, particularly in relation to the vascular system. For example, total β-arrestin 2 expression in aortas remained unchanged between preparations from diabetic mice and controls, whereas the β-arrestin 2 level in the membrane fraction decreased significantly in diabetic aorta preparations upon insulin stimulation ([@r15]). Moreover, β-arrestin 2 siRNA significantly reduced insulin-induced vascular relaxation and NO production, and no effects of excess β-arrestin 2 were observed on these responses, suggesting that insulin signaling is mediated through β-arrestin 2, and that GRK2 may stimulate formational changes in β-arrestin 2, Akt, and the insulin receptor ([@r15]). Future studies will clarify the picture. In any case, targeting GRK2 and β-arrestin 2-dependent signal transduction represents exciting and promising possibilities for novel therapeutic approaches to diabetic vascular dysfunction, which urgently require new and innovative effective drugs and therapies.
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